Metal-semiconductor interface Angle-resolved X-ray photoelectron spectroscopy Focused ion beam cross section imaging Current-voltage analysis a b s t r a c t Cadmium zinc telluride (CdZnTe) is a leading sensor material for spectroscopic X/␥-ray imaging in the fields of homeland security, medical imaging, industrial analysis and astrophysics. The metalsemiconductor interface formed during contact deposition is of fundamental importance to the spectroscopic performance of the detector and is primarily determined by the deposition method. A multi-technique analysis of the metal-semiconductor interface formed by sputter and electroless deposition of gold onto (111) aligned CdZnTe is presented. Focused ion beam (FIB) cross section imaging, X-ray photoelectron spectroscopy (XPS) depth profiling and current-voltage (IV) analysis have been applied to determine the structural, chemical and electronic properties of the gold contacts. In a novel approach, principal component analysis has been employed on the XPS depth profiles to extract detailed chemical state information from different depths within the profile. It was found that electroless deposition forms a complicated, graded interface comprised of tellurium oxide, gold/gold telluride particulates, and cadmium chloride. This compared with a sharp transition from surface gold to bulk CdZnTe observed for the interface formed by sputter deposition. The electronic (IV) response for the detector with electroless deposited contacts was symmetric, but was asymmetric for the detector with sputtered gold contacts. This is due to the electroless deposition degrading the difference between the Cd-and Te-faces of the CdZnTe (111) crystal, whilst these differences are maintained for the sputter deposited gold contacts. This work represents an important step in the optimisation of the metal-semiconductor interface which currently is a limiting factor in the development of high resolution CdZnTe detectors.
Introduction
Cadmium telluride (CdTe) and cadmium zinc telluride (CdZnTe), collectively referred to as Cd(Zn)Te, are wide-bandgap semiconductors with high X/␥-ray stopping power. This combination of properties has led to Cd(Zn)Te being adopted in the fields of medical imaging, homeland security, industrial analysis and astrophysics as a compact, room temperature radiation detector/imager [1] [2] [3] [4] [5] .
Metal contacts are required to measure a signal from the Cd(Zn)Te charge carriers generated by the incoming radiation. High as CdTe. Detectors with 15 mm thick CdZnTe sensors have been successfully demonstrated [11] .
Gold is used as a contact metal for CdZnTe as it does not oxidise, it's highly conductive and has a work function of 5.1 eV [12] , close to that of high resistivity CdZnTe. Gold contacts may be deposited onto CdZnTe by thermal evaporation, sputtering or electroless deposition. Of these methods, it was decided to investigate sputter and electroless deposition. Electroless deposition was chosen as it has been reported to produce strong adhesion due to chemical bonding at the interface [13] [14] [15] . The adhesion of thermally evaporated contacts has been reported to be inferior [13] . Good adhesion is vital if the contacts are to survive pixellation and so thermal evaporation was not investigated in the current work. Further, it has been reported that detectors with electroless gold contacts are better suited for spectroscopic measurements compared with sputtered or thermally evaporated contacts [15] [16] [17] [18] . Platinum is an alternative choice of contact metal as it has a work function of 5.65 eV [12] , however electroless gold has been shown to produce a more Ohmic response [16, 19] and better spectroscopy [15] compared with electroless platinum. Micro-cracking has also been observed in electroless platinum contacts but does not occur in electroless gold contacts [14] . This was attributed to a smaller lattice mismatch between gold and CdZnTe compared with platinum and CdZnTe. Despite the wealth of data available in the literature there is still a need for research on the subject of contacts on CdZnTe. This is because of the many possible combinations of material grade, surface preparation, choice of metal and method of deposition.
The Rutherford Appleton Laboratory (RAL) and the HEXITEC (High Energy X-ray Imaging Technology) collaboration [20] have developed a family of spectroscopic small-pixel (250 m pitch) CdTe and CdZnTe detectors, based on the HEXITEC ASIC (application specific integrated circuit) [21] [22] [23] [24] [25] . The latest generation of the HEXITEC ASIC bonded to a CdTe sensor has achieved an average FWHM (full width at half maximum) energy resolution over the full 6400 pixels of the detector of 750 ± 60 eV at 59.54 keV [26] . This level of performance has enabled cutting-edge imaging techniques to be utilised in the fields of medical imaging [27] [28] [29] , homeland security [30, 31] and materials science [32] [33] [34] . As explained above, many of these applications would benefit from the improved detection efficiency that a thicker CdZnTe sensor would provide. The deposition of high quality, uniform, small metal contacts on CdZnTe remains technically challenging and improvements in the crystal preparation, metal deposition, lithography and bonding must be made if CdZnTe is to compete with CdTe and other traditional X/␥-ray sensors. The deposition of gold contacts by electroless and sputter deposition is the subject of the current work. This work represents an important phase in a programme that ultimately aims to fabricate small-pixel CdZnTe detectors with low leakage and high uniformity in order to realise the high intrinsic spectroscopic performance of the material and HEXITEC ASIC.
Experimental procedure

Sample preparation and contact deposition
A number of (111) orientated single-crystal CdZnTe detectors with dimensions of 10 × 10 × 2 mm 3 were prepared. The material was grown by Redlen Technologies Inc. using the travelling heater method (THM) [35] . The crystals were prepared by lapping with 3 m alumina slurry, followed by a two-stage mechanical polish using a 0.3 m and then 0.05 m alumina slurry. It was decided not to chemo-mechanically polish the CdZnTe in order to avoid associated interface non-uniformity and the development of the undesirable surface morphology, known as the "orange-peel" effect [36] .
The electroless gold chloride (tetrachloroauric(III) acid) solution contained 30 wt% HAuCl 4 , 5-10 wt% HCl and 60-65 wt% deionised water giving a ratio of 1:25 for HAuCl 4 to H 2 0/HCl [14, 16, 37] . To minimise the leakage current associated with contacts deposited at elevated temperatures [36] , an ice bath was used to cool the gold chloride solution down to 0 • C. The detectors were cleaned with acetone and isopropanol before being rinsed with deionized water. Photoresist coatings were applied to the crystal edges to prevent gold deposition before the crystals were submerged in the gold chloride solution for 3-10 min. Gold sputtering was performed using an Emitech K575X magnetron sputter coater, at a current of 100 mA for 2 min, without heating or cooling the substrate. Following gold deposition the samples were baked at 85 • C for ∼30 min to improve adhesion.
Atomic force microscopy
An NT-MDT Solver HV-MFM atomic force microscope (AFM) with a non-conductive silicon probe operating in semi-contact mode was used to measure the RMS (root-mean-square) surface roughness and map the surface topography of detectors before and after contact deposition.
Scanning electron microscopy
A JOEL JSM 7100F secondary electron microscope (SEM) operating in secondary-electron imaging mode was used to image the surface topography of the gold contacts. The samples were mounted at 45 • and an accelerating voltage of 30 keV was used to enhance the contrast and definition of surface features.
Focused ion beam cross section imaging
An FEI Nova Nanolab 600 focused ion beam (FIB) was used to mill and image the metal-semiconductor interface. The detector surface was coated with a dual layer of electron-beam deposited platinum/carbon and ion-beam deposited platinum to protect the gold surface. The main trench was milled with an ion current of 200 pA and a lower current of 50 pA was used to polish the interface for imaging. Several locations across the surface of each sample were investigated to ensure that the results were representative of the sample as a whole.
X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) analysis and depth profiling were performed using a Thermo Scientific Theta Probe spectrometer. The X-ray beam was a monochromated K ␣ emission from an aluminium target (1486.7 eV). The spot size was ∼400 m. The analyser had a take-off angle of 37 • (with respect to the surface normal) and a pass energy of 50 eV. Binding energies were calibrated against the carbon contamination peak at 285.0 eV. Depth profiles were measured by sequentially removing layers of material with a 1 A rastered beam of 3 keV argon ions. The etched area was 2.5 mm 2 . After each layer was removed, XPS analysis was performed. A list of the elements of interest and their binding energies is given in Table 1 . The shift in binding energy for tellurium and oxygen due to oxidation, compared with bulk CdZnTe or OH − /H 2 O contamination respectively [38, 39] , are also included in the table.
The chemical composition was calculated using XPS peak intensities and instrument-modified Wagner sensitivity factors. The background subtraction was based on a Shirley background fit [40] . To correct for the observed variation in Ar + etch current, the depth profiles were normalised to a current of 1 A. This procedure assumed that the sputter rate varied in a linear manner with etch time [41] . Each depth profile dataset was treated by principal component analysis (PCA) [42] to identify regions within the profile where peaks had shifted or broadened; an indication that multiple chemical states of a particular element may be present. Principal components for each element were calculated and their intensities were quantified to produce a PCA depth profile. A chemical compound of two elements was identified from the close tracking of their PCA component intensities through certain regions of the depth profile. It is possible for positive peak shifts to occur as a sample becomes charged (as electrons are ejected). The binding energy shifts measured in the current work were unlikely to be due to charging as this would have affected all photoelectron peaks equally; this was not observed. The photoelectron binding energy shifts measured during the PCA analysis were considered to be real changes in the chemical state of the elements. The Avantage software package was used to perform the PCA data analysis.
Angle resolved XPS (ARXPS) is a non-destructive method of measuring a depth profile that relies on the shallow interaction volume (5-10 nm) of XPS [41, 43] . A simple application of ARXPS is the measurement of a thin surface oxide layer. ARXPS was used to measure the thickness of native oxide formed on bare CdZnTe prior to gold deposition. This was achieved by first measuring the ratio R of tellurium oxide 3d 5/2 peak intensity I A to tellurium bulk 3d 5/2 peak intensity I B at a range of angles. The ratio R, defined by Eq. (1), is dependent on the ratio R 0 , the attenuation lengths A/B,A of photoelectrons emitted from the oxide/bulk layers passing through the oxide layer, and the oxide thickness d. The ratio R 0 is defined by Eq. (2), where I 0 is the expected intensity from an infinitely thick layer of the material. I 0 is essentially a normalisation factor to account for X-ray flux, sensitivity factors, atomic number densities, asymmetry parameters and geometric factors. Assuming the same photoelectron emission is measured, all but two of these factors cancel, leaving only the ratio of atomic number densities N B,B /N B,A , and attenuation lengths B/A,B of photoelectrons emitted from the bulk passing through the bulk or oxide layer. Atomic number density is defined as the number of atoms of a particular element in a material per unit volume. The ratio of atomic number densities required to solve R 0 is defined by Eq. (3), where is the material density and F is the formula mass of the material. The photoelectrons emitted from the oxide layer and bulk will have approximately the same kinetic energy so A,A ≈ B,A . This allows R to be simplified and rearranged as Eq. (4). The oxide layer thickness d was found by applying a linear fit through the origin of a plot of ln[1 + R/R 0 ] against 1/cos Â. The gradient of the fit is equal to d/ A,A . The attenuation lengths required to solve R 0 were calculated using Eq. (5), the S3 Seah equation [44] . The semi-empirical Seah equation relies on the atomic spacing a (Eq. (6), in nm), average atomic number Z of the material, and photoelectron kinetic energy E to calculate the attenuation length. 
Where: M is the molecular mass, N A is Avogadro's number, g and h are the stoichiometries in the molecular formula G g H h , and E g is the bandgap.
Current-voltage measurements
The high and low voltage current-voltage (IV) responses of the detectors were measured with a Keithley pico-ammeter and probe station whilst housed in an electrostatically-shielded, light-tight enclosure. The current was measured from the contact on the (111)A Cd-face and the bias applied to the contact on the (111)B Te-face. A measurement was made at each voltage step three times and averaged, with a settle time of 2 s before each measurement. For temperature dependent measurements, the detector was mounted on a ceramic substrate and placed in a cryostat. The cryostat was evacuated to a pressure of <5×10 −2 mbar and cooled with liquid nitrogen. The temperature was monitored by an Oxford Instruments proportional-integral-derivative controller.
The low voltage (∼ ±1 V) Ohmic current response observed in CdZnTe detectors is primarily, but not exclusively, determined by the bulk resistivity [45] . It has been observed that electroless contacts can affect the current measurements even at very low voltages due to a non-zero series resistance introduced by each contact [36] . Calculation of the bulk resistivity of different detectors fabricated from the same crystal can provide an insight into the effect of the different contacts. The bulk resistivity was calculated by fitting Eq. (7) to the low voltage IV data, averaging across both positive and negative bias, where V is the applied bias, A the contact area, I the leakage current and d the detector depth. The current response of the low voltage regime was measured in 0.1 V steps up to ∼±2 V.
The current response of the high voltage regime was measured in 5 V steps up to ±500 V. The high voltage data was used to determine the detector leakage current at typical operating voltages, the voltage at which full depletion was reached and the effective barrier height of each contact. As the voltage increases beyond the low voltage regime, the detector will begin to deplete. As stated in Eq. (8), the width of the depletion region d is proportional to V 1/2 [46] . Assuming a constant generation rate, the leakage current resulting from the thermal generation of carriers within the depleted bulk will increase linearly with depletion region width. If the leakage current is measured to vary with V 1/2 it is an indication that the detector is not fully depleted and that the thermal generation of carriers in the partially depleted bulk is the dominant leakage current mechanism [47] . Once the detector becomes fully depleted, the voltage dependency of the leakage current will change from V 1/2 to V n , where n ≥ 1. The voltage at which this occurs is referred to as the depletion voltage. A value of n = 1 indicates diffusion-limited current [48] , where the presence of a Schottky barrier limits the transfer of charge across the metal-semiconductor junction to diffusion rather than thermionic emission. This region is referred to as quasi-Ohmic, as R is proportional, but not equal to V/I (as is the case for Ohm's law). Diffusion-limited current will be explained later in further detail. A value of n = 2 indicates that injection at the contacts is occurring (due to an increased field strength) but the current flow is spacecharge limited (SCL) [1, 47, [49] [50] [51] [52] . The SCL current is defined by Eq. (9). The current is space-charge limited when the concentration of charge carriers being injected through the contact is much greater than the equilibrium concentration of electrons/holes in the conduction/valence band [52] . This high concentration creates a potential gradient limiting the current flow [53] . A value of n >> 2 indicates that the bulk, edges or contacts of the detector have experienced dielectric brake down and electron avalanche, leading to an exponential increase in conduction through the detector.
At a metal-semiconductor junction, a potential barrier may exist that impedes the transfer of charge. This barrier is referred to as a Schottky barrier. The Schottky-Mott (S-M) theory states that the thermal equilibrium Schottky barrier height (SBH) 0 for electrons is the difference between the metal work function ˚M and semiconductor electron affinity S . For holes it is the difference between the bandgap and the electron SBH [54, 55] . A purely Ohmic contact has a zero barrier height. It has been observed that metal contacts on CdZnTe form neither perfect Ohmic nor Schottky contacts due to interface states and oxide layers introduced during crystal processing and contact deposition [56] . These interface states and oxide layers alter the barrier height from that predicted by S-M, leading to an effective barrier height .
Crowell and Sze [57] developed the thermionic-diffusion (T-D) model to better explain the exchange of charges across a barrier and the effects of image-force lowering. Image-force lowering occurs as a charge approaches a barrier and induces a mirror charge on the opposite side. The effect is a reduction in the barrier height [58] . The presence of an interfacial layer between the metal and semiconductor will have a greater effect on the barrier height than the image force for gold contacts on CdZnTe [45] . The interfacial layerthermionic-diffusion (ITD) model proposed by Wu [59] unites the T-D model with the interfacial layer theory to explain how the measured effective barrier height differs from the thermal equilibrium SBH due to the electron transmission and potential drop across an insulating interfacial layer. The ITD model has successfully been used to explain the IV response of Pt/CdZnTe/Pt detectors [45] .
The relatively low electron mobility of CdZnTe allows free carriers close to the contact to reach thermal equilibrium with the electrons in the metal. This reduces the probability of thermionic emission across the contact. The thermionic limit of the T-D/ITD models is no longer valid under these conditions and the diffusion limit is more relevant [48, 58] . The diffusion-limited current I across a Schottky contact according to the ITD model is defined by Eq. (10), where is the effective barrier height, q is the electronic charge, V D is the effective diffusion velocity, k B is the Boltzmann constant, T is the temperature, V i is the voltage drop across the interfacial layer and V is the applied bias. The effective density of states N C is defined by Eq. (11), where m e * is the electron effective mass and h is the Planck constant. The effective barrier height may be found by measuring the diffusion-limited current at a range of temperatures for a fixed voltage and fitting Eq. (12) to an Arrhenius plot of the data.
Results and discussion
Morphology and structure (AFM/SEM/FIB)
The surface morphologies of gold contacts formed by electroless and sputter deposition were examined by AFM and SEM (see Fig. 1 ). The RMS roughness of the electroless gold surface as measured by the AFM was 11 ± 2 nm. This compared with an RMS roughness of 43 ± 5 nm for gold deposited by sputter deposition on an identically processed surface. The RMS roughness of mechanically-polished, bare CdZnTe has previously been measured to be 2.9 ± 0.6 nm [36] . The sputter deposited gold produced a surface with larger, more rounded asperities. The higher density of regular sized surface asperities for the gold contact formed by electroless deposition gives rise to a larger surface area compared to that for the sputtered gold contact. A large surface area promotes an increase in adhesion. This is problematic if photoresist is to be deposited on top of the gold during the pixellation of the detector (which was the case for the detector with sputtered contacts). The adhesion between the gold and photoresist may be stronger than that between the gold and the CdZnTe substrate, causing delamination. It is not possible to measure the roughness and surface area of the interface between gold and CdZnTe substrate using AFM or SEM, so a quantified comparison cannot be made with the top surface.
FIB cross section images through the interfaces of gold contacts on CdZnTe formed by electroless and sputter deposition are presented in Fig. 2 . The protective layers of ion-beam deposited platinum and electron-beam deposited carbon/platinum are visible at the top of the images. The electron-beam evaporated species had low (thermal) energies and arrived at the surface to form a layer which preserved the topography of the surface gold layer. The gold layer formed by electroless deposition exhibited a relatively rough morphology (see the AFM and SEM measurements of Fig. 1 ). This structure may be related to the tendency of gold to initially form islands during electroless deposition, rather than a continuous film [14] . The average thickness of the gold layer, excluding the discrete asperities, was measured from the FIB images to be 65 ± 2 nm. On average the asperities extended 54 ± 2 nm above the gold layer. A dark extended interface region below the surface gold layer was observed with an average thickness of 262 ± 6 nm (see Fig. 2a ). The thickness of the gold layer formed by sputter deposition was measured to be 88 ± 1 nm. The interface between the sputtered gold surface layer and the bulk CdZnTe was sharp with no obvious interfacial layer.
Chemical composition (XPS)
The (111) alignment of CdZnTe is terminated by tellurium on one face and cadmium on the other [60] . Angle resolved XPS (ARXPS) measurements were made on the Te-and Cd-faces of bare, mechanically polished-only CdZnTe. These measurements were used to determine the native oxide layer thickness that existed prior to contact deposition. Four samples were analysed; two Te-and two Cd-terminated surfaces. Each sample was investigated at five sites across the surface and the results averaged. The intensities of the tellurium 3d 5/2 bulk and oxide peaks were measured at emission angles from 25 to 59 • (relative to the surface normal) and their ratio, R, was calculated. Example tellurium 3d 5/2 spectra taken from the Cd-and Te-faces are presented in Fig. 3 . It was observed that the intensity of the oxide peak (576.2 eV) relative to the bulk peak (572.4 eV) increased with emission angle. Also, the oxide signal from the Te-terminated surface was stronger than from the Cdterminated surface.
The oxide depths on the Te-and Cd-faces were measured by plotting Eq. (4) with the measured values of R and applying a linear fit through the origin. The R 0 value, required for the plot, was calculated by Eq. (2) to be 1.22. Examples of the plots produced for the Teand Cd-faces are shown in Fig. 4 . An oxide layer of 0.20 ± 0.01 nm was measured on the Te-face and a layer of 0.11 ± 0.01 nm on the Cd-face. The small uncertainties of the mean values reflect the consistency of the measurements across the samples. A possible source of error that was not factored into the quoted uncertainty values was the calculated value of R 0 , which depended on attenuation lengths in the substrate and oxide layers calculated by an empirically derived equation [44] . Although the accuracy of the absolute values of the oxide layer thicknesses was difficult to determine, the relative difference between the oxide thicknesses on the two (111) surfaces was more certain. According to the interfacial layer- • (relative to the surface normal) for mechanically polished Te-and Cd-terminated CdZnTe surfaces. Fig. 4 . ARXPS plots of ln[1+(R/R0)] as a function of 1/cos Â for tellurium 3d 5/2 photoelectrons emitted at angles from 24.9 to 58.6
• from mechanically polished Te-and Cd-terminated CdZnTe surfaces. The gradient of the linear fit through the origin was used to calculate the oxide layer thickness.
thermionic-diffusion (ITD) model [59] , the presence of an oxide layer results in a voltage drop across the interface. As the voltage drop increases, the current flow across the interface decreases. The oxide layer also limits the current flow by a factor known as the transmission coefficient [59] . The transmission coefficient decreases as the oxide layer thickness increases. The differences in voltage drop/transmission coefficient across the two (111) interfaces is likely to produce an asymmetric IV response.
XPS depth profiles showing elemental and chemical state information from the surface and sub-surface regions of gold contacts formed by electroless and sputter deposition are presented in Fig. 5 . The extended interface formed by electroless deposition (Fig. 5a) showed the presence of gold, oxygen, chlorine, cadmium and tellurium. The interface region was wider and more complex than that formed by sputter deposition (Fig. 5b) , which displayed a sharp interface between the surface gold and bulk CdZnTe and no evidence of an oxide layer. The tellurium 3d 5/2 and oxygen 1 s spectra measured in the middle of the interface of the sputtered gold contact at an etch time of 3100 s are presented in Fig. 6 .
During the XPS depth profile through the electroless gold contact interface region (see Fig. 5a ), tellurium 3d 5/2 and oxygen 1 s components at different binding energies were observed (see Fig. 7 ). The lower binding energy tellurium 3d 5/2 peak, corresponding to bulk CdZnTe, was measured throughout the interface region. The position of the peak shifted to higher energies nearer the surface-side of the interface. A similar shift was also observed in our previous studies of electroless gold contacts, where the binding energy shift for both the tellurium 3d 5/2 and gold 4f 7/2 peaks were consistent with the presence of gold telluride [36, 61] . This will be discussed later. The higher binding energy 3d 5/2 peak corresponded to tellurium oxide and was measured from 1500 to 5500 s.
The lower binding energy oxygen 1 s peak (Fig. 7b ) was attributed to tellurium oxide and was measured from 1500 to 6500 s. The higher binding energy 1 s peak was attributed to OH − /H 2 O species present as contamination on the surface of the gold contact. After 120 s of etching this contamination peak was removed. Between 2500 and 3500 s, the OH − /H 2 O peak was again observed. It was not unexpected to observe the presence of some hydrated species (metal hydroxides or hydrated metal oxides) within the interface due to the nature of deposition. The variation of the tellurium 3d 5/2 oxide and O 1 s oxide peaks was related to the variation in the stoichiometry of the tellurium oxide through the interface.
Through the tellurium oxide region (1500-5500 s) of the XPS depth profile (Fig. 5a ) the ratio of oxygen atoms bound in an oxide state to tellurium atoms bound in an oxide state was measured to increase, from ∼1.5 to ∼6. This ratio is an indication of the value of n in the stoichiometry relationship TeO n , with a value of n = 2 indicating a phase of TeO 2 and a value of n = 3 indicating a phase of TeO 3 or CdTeO 3 . The latter, CdTeO 3 , has been cited as being the most stable oxide formed on CdTe [62, 63] . In the central region of the oxide, the ratio was approximately 2, indicating the oxide present to mostly be TeO 2 . The increase in the value of n through the oxide region confirmed that the composition of the oxide varied through the interface. After etching for ∼5000 s, n reached a value of 6; this most likely resulted from the presence of oxidised cadmium chloride corrosion products. A similar result was found in our recent analysis of Redlen deposited gold contacts, with the company also employing an electroless deposition process [61] . The FIB image in Fig. 2a and XPS depth profile in Fig. 5a confirmed the formation of an interfacial oxide layer with a thickness of ∼250 nm. This is significantly larger than the native oxide layer found on bare CdZnTe 6 . XPS spectra of (a) tellurium 3d 5/2 peak and (b) oxygen 1s peak measured from the interface region of a sputtered gold contact on CdZnTe. There is no evidence of tellurium oxide in either spectrum. Fig. 7 . XPS photoelectron spectra measured within the interface of electroless gold contacts on CdZnTe. (a) Tellurium 3d 5/2 peak measured after etching for 3000 and 7000 s (within oxide layer and bulk respectively). (b) Oxygen 1s peak measured at the surface and after etching for 3000 s (surface contamination and oxide layers respectively). The different components present are highlighted with dotted black lines, which are least-squares-fits to the experimentally recorded peaks.
(as measured by ARXPS). It is evident that the electroless deposition process involves an aggressive attack of the bulk CdZnTe and significant oxidation occurs at the interface. In the acidic chloride solution used in the electroless process, cadmium is being leached from CdZnTe and replaced with gold (as discussed later). This leaves a tellurium rich surface which will oxidise to form tellurium oxide as the reaction product.
As highlighted earlier, a shift in the binding energy of the tellurium 3d 5/2 peak, from 572.4 eV in the bulk CdZnTe to 573.1 eV in the centre of the interface region was measured for the contact formed by electroless deposition (see "metallic" peak in Fig. 7a ). The gold 4f 7/2 peak was also measured to shift, from 83.8 eV in the surface layer to 83.9 eV within the interface (see Fig. 8a ). Following the PCA method developed in our previous work [61] , two components for gold were identified (see Fig. 8b ). A depth profile showing the intensity of these two components is shown in Fig. 8c . The depth profile shows that the intensity of the second component tracks that of the metallic tellurium 3d 5/2 peak through the interface up to an etch time of ∼2500 s. The shift in binding energies and location within the interface of the gold and tellurium components are consistent with the presence of gold telluride, as observed in our previous work [36, 61] . A depletion of cadmium relative to tellurium (Te bulk + Te oxide ) was measured within the extended interface region of the gold contact formed by electroless deposition (see Fig. 5a ). The explanation for this is the greater difference in standard potential, E 0 , for the reaction between cadmium and gold chloride, compared with the reaction between tellurium and gold chloride. This resulted in the preferential dissolution of cadmium from the CdZnTe substrate into the solution during the electroless deposition. The two competing reactions are presented below [15] :
4AuCl
A variation in the binding energy of the cadmium 3d 5/2 photoelectron peak, from 405.2 eV in the interface to 405.0 eV in the bulk, was observed during the depth profile of the gold contact formed by electroless deposition (see Fig. 9a ). We concluded in our previous study of electroless gold contacts that such a shift was correlated with the presence of chloride and concluded that cadmium chloride was present within the interface [61] . This was achieved by applying principal component analysis to the XPS depth profile dataset. In the current work, the chlorine 2p 3/2 binding energy was measured to be 198.3 eV, which was consistent with a metallic chloride species (see Fig. 9b ). Using the PCA method, it was possible to con- firm the correlation between the presence of chlorine in a metal chloride state with the presence of cadmium bound in a compound other than CdZnTe (see Fig. 10 ). This correlation was consistently found across the detectors investigated in the current study. Considering the reactions involved during the electroless deposition process, it would be expected that the CdZnTe is being attacked by Cl − . Precipitation of cadmium chloride at the etch front occurs during electroless deposition as the concentration of Cd 2+ and Cl − within the solution reach supersaturation levels. Chlorine has been reported by other authors during the study of electroless gold contacts [64] [65] [66] [67] . It is likely that the chlorine observed in these studies was also present as cadmium chloride.
The XPS depth profile through the electroless gold contact (Fig. 2a) indicated that gold was not just present as a discrete surface layer, but had a diffusion tail extending through the tellurium oxide/cadmium chloride region. In our previous studies [36, 61] , TEM and FIB-SEM cross-section images of the interface region have shown the presence of gold particulates dispersed within the metal oxide region. A TEM cross-section image taken from our previous work [61] showing the typical interfacial region which develops as a result of the electroless gold deposition process is given in Fig. 11a . It has further been observed, in this work and our previous studies [36, 61] , that gold telluride is also present in the interface region and we have proposed that the gold particulates have an inner core comprised of gold and outer layer of gold telluride. The chemical and structural characterization results of the interface region from all of our work on gold contacts deposited on CdZnTe are very consistent. A schematic illustration of the interface structure based on the XPS/TEM results is shown in Fig. 11b. 
Electronic properties (IV)
The room temperature (290 K) IV response of a typical CdZnTe detector with gold contacts fabricated by electroless deposition is presented in Fig. 12 and compared with a detector diced from the same CdZnTe crystal with gold contacts formed by sputter deposition. At a field strength of −2000 Vcm −1 the detector with electroless contacts produced a leakage current of −2.7 nAcm −2 . This is equivalent to −1.7 pA per 250 m 2 , well within the specified tolerance of the HEXITEC ASIC of 50 pA per channel and is suitable for high resolution spectroscopic applications. The detector with sputtered contacts produced a comparably low negative bias leakage current of −4.4 nAcm −2 at −2000 Vcm −1 . The positive bias leakage current produced by the detector with sputtered contacts was significantly elevated and would be sufficient to degrade the spectral resolution of the detector if operated with a positive bias or if the detector was mounted in the reverse configuration. Both detectors exhibited high room temperature resistivity; 5.1 ± 0.4 and 2.73 ± 0.06 × 10 10 .cm for the detector with electroless and sputtered contacts respectively, as calculated using Eq. (7). Despite the two detectors being diced from the same crystal, their resistivity values differed by a factor of ∼2. The higher resistivity of the detector with gold contacts formed by electroless deposition was the result of an additional series resistance introduced by the tellurium oxide based interface region.
The leakage current response of the detector with electroless contacts was symmetric and produced a characteristic "S-bend" [45] , with Ohmic behaviour below ±1 Vcm −1 . The leakage current response of the detector with sputtered contacts also produced an S-bend, however the response was asymmetric with the low voltage Ohmic region extending from −3 to +200 Vcm −1 . The behaviour of both detectors outside of this low voltage regime is better understood with reference to the log-log IV plots shown in Fig. 13 . The negative bias response of both detectors between −30 and ∼ -200 Vcm −1 followed a ∼V 1/2 dependency, indicating that thermal generation of carriers in the expanding depletion region was the dominant leakage current mechanism in this voltage range [46, 47] . At −200 Vcm −1 , the voltage dependency switched to ∼V 1 , with a quasi-Ohmic response extending to −2000 Vcm −1 . A quasiOhmic response is one where resistance R is linearly proportional, but not equal, to V/I. For a true Ohmic response, Ohm's Law must stand. The change in voltage dependency indicated that full depletion had been reached at this voltage; V Depletion . The positive bias response of the detector with electroless contacts matched the negative bias response. The positive bias response of the sputter contacted detector above +200 Vcm −1 followed a ∼V 1/2 dependency with no clear transition to a V 1 dependent region. At the highest applied positive bias (not shown in the plot), the voltage dependency of the leakage current increased rapidly from V 0.5 to V 1.5 . This suggested that injection from the contacts or even dielectric breakdown occurred soon after the detector became fully depleted. If breakdown had occurred, it is likely to have been located along the edge surfaces of the CdZnTe [68] .
The leakage currents measured within the quasi-Ohmic regions identified above in Fig. 13 were diffusion limited. The effective barrier height between the contact and bulk CdZnTe is related to the diffusion-limited current according to Eq. (12) . It is possible to calculate the effective barrier height by forming an Arrhenius plot of the temperature dependency of the leakage current at a fixed voltage within the diffusion limited regime. The gradient of the Arrhenius plot is equal to qE a /1000k, where E a is the activation energy of the process and in this case is equal to the effective barrier height. The temperature dependent IV measurements in the range of 260-340 K made on the CdZnTe detectors with electroless and sputtered gold contacts are shown in Fig. 14 . The leakage current measurements required for the Arrhenius plot were made at a fixed voltage located within the quasi-Ohmic region over the range of temperatures investigated. The chosen voltages are identified by the vertical dotted lines in Fig. 14.   Fig. 13 . Log-log room temperature (290 K) IV plots from CdZnTe detectors with (a) electroless and (b) sputtered gold contacts for both positive and negative bias. The depletion voltage V Depletion was determined from the crossover point of the two V X fits applied to each data set. The Arrhenius plots for the detectors with electroless and sputtered contacts under positive and negative bias are shown in Fig. 15 . A linear fit has been applied to each plot and the gradient was used to calculate the effective barrier height. The effective barrier heights of the detector with electroless contacts for negative and positive bias were similar, with values of 0.83 ± 0.02 and 0.78 ± 0.04 eV respectively. The effective barrier height of the detector with sputtered contacts for negative bias was 0.78 ± 0.02 eV and similar to the electroless contacts. The effective barrier height of the detector with sputtered contacts for positive bias was lower at 0.64 ± 0.02 eV. Other authors have reported barrier heights in the range of 0.46-0.9 eV for electroless gold [56, 69, 70] and 0.73-0.95 eV for sputtered gold [70] [71] [72] contacts on high resistivity CdZnTe. Drawing comparisons with published results is, however, difficult due to the many unknown surface preparation and deposition parameters associated with each study.
There are eight possible barriers across the Au/CdZnTe/Au detector system; barriers for both carriers (electrons and holes) in both directions (in to and out of the semiconductor) at both contacts (gold on the Te-and Cd-faces). By making a series of simple arguments and referring to the barrier heights predicted by the Schottky-Mott (S-M) theory, it is possible to infer which barrier each measurement (presented in Fig. 15 ) related to. Firstly, the four barriers related to electron and hole transfer from the semiconductor into the metal at both contacts may be disregarded. This is because under sufficient bias the collecting contacts will be Ohmic, and the leakage current flowing through the detector will be limited due to the barriers faced by electrons and holes entering the CdZnTe from the gold contacts. The n-or p-type nature of the leakage current will depend on the relative heights of these barriers due to the intrinsic high resistivity of the material. According to the S-M theory, the electron and hole barrier heights should be 0.80 and 0.77 eV respectively. This assumes a perfect gold contact on high resistivity Cd 1-x Zn x Te with the Fermi level pinned near midbandgap (E g = 1.57/2 eV for x = 0.1 [73] ) due to the compensation of acceptors and donors [1] . The barrier heights measured for the electroless contacts under positive and negative bias, and the sputtered contacts under negative bias were comparable with those predicted by S-M. The barrier height for the sputtered contacts under positive bias was lower than either the electron or hole barrier height predicted by S-M. What follows is a closer examination of the four barrier heights measured under positive and negative bias (applied to the contact on the Te-face) to determine which of the remaining four possible barriers each measurement related to. 3.3.1. Electroless − positive bias (0.78 ± 0.04 eV) Although the measured barrier height agreed well with both electron and hole barrier heights predicted by S-M, the theory took no account of the significant oxide layer measured at the interface of either the Te or Cd-faces (see Fig. 5a ). It was proposed by Zha et al. [18] that a CdTeO 3 layer would create a large barrier for electrons entering the CdZnTe from the gold contact but not hinder the transport of holes. This is due to the low electron affinity of CdTeO 3 . It is the presence of the tellurium oxide layer that creates a consistent barrier height for these contacts. It is concluded that the barrier height measured under positive bias was related to the barrier faced by holes entering the semiconductor from the positively biased contact on the Te-face of the crystal.
3.3.2. Electroless gold − negative bias (0.83 ± 0.02 eV)
As with the Te-face, a tellurium oxide layer was measured within the interface of the contact on Cd-face following electroless deposition. As such the model proposed by Zha et al. [18] would again apply and the barrier height measured under negative bias related to the transfer of holes from the contact on Cd-face into the semiconductor. This barrier was slightly greater than that predicted by S-M and greater than the barrier at the Te-face. An n-type layer in the CdZnTe below the oxide layer may explain this increase in barrier height. The XPS depth profile through the electroless contact shown in Fig. 5a confirmed the presence of chlorine and oxygen close to the interface with the bulk CdZnTe. Chlorine is a known donor dopant of CdTe [9, 73] and oxygen has been proposed as an amphoteric dopant of CdTe, which may act as a donor or acceptor to compensate the majority carrier [74, 75] . The diffusion of chlorine or oxygen into the bulk CdZnTe would have created an n-type layer.
3.3.3. Sputtered gold − positive bias (0.64 ± 0.02 eV)
The barrier measured for the sputter contacted detector under positive bias was lower than both electron and hole barrier heights predicted by S-M. Two scenarios may explain this: If the measured barrier was an electron barrier (at the Cd-face), an n-type layer at the Cd-face would explain the reduced height. If the measured barrier was a hole barrier (at the Te-face), a p-type layer at the Te-face would explain the reduced height. Morton et al. [56] proposed that the diffusion of gold into the bulk would create a thin -layer and calculated that a doping density of 10 9 -10 −11 cm −1 would raise the valence and conduction bands in the contact region of the semiconductor. The increase in the valence band would decrease the barrier faced by holes entering the semiconductor. The XPS depth profiles through sputtered contact shown in Fig. 5b appeared to show a sharp interface between the contact and the bulk. However the junction was not fully abrupt and the tail of the gold signal was measured to penetrate into the CdZnTe bulk. This tail may have been the result of surface roughness and non-uniformity or it may have been due to diffusion of gold into the bulk as suggested by Morton et al. It was not possible to determine if this gold penetration was greater at the Te-face due to the uncertainty associated with the etch rate. It is also not clear why gold would preferentially diffuse into the Te-face. Alternatively, it is proposed that an n-type layer existed at the Cd-face and that the measured barrier height related to the barrier faced by electrons entering the semiconductor from the contact at the Cd-face. The Cd-face is inherently Cd-rich and will act as an n-layer through the effective presence of tellurium vacancies V Te and cadmium interstitials Cd i [76, 77] .
3.3.4. Sputtered gold − negative bias (0.78 ± 0.02 eV)
The barrier height measured under negative bias was in good agreement with both electron and hole barrier heights predicted by S-M. Two scenarios were suggested to explain the reduced barrier measured under positive bias; an n-layer at the Cd-face or a p-layer at the Te-face. It was proposed that an n-layer at the Cd-face was more probable. An n-layer at the Cd-face would increase the barrier for holes entering the CdZnTe from the contact on the Cd-face. This was not reflected in the measured barrier height. It is proposed that the barrier height measured under negative bias relates to the barrier faced by electrons entering the CdZnTe from the contact on the Te-face. It would be expected that the Te-face would act as p-layer with the effective presence of cadmium vacancies V Cd and tellurium interstitials Te i , in a similar manner to the Cd-face acting as an n-layer [76, 77] . However the presence of a native oxide (TeO 2 ) monolayer, as measured by ARXPS, would have acted as a small, additional barrier for both electrons and holes entering the CdZnTe through the contact on the Te-face. This additional barrier would have compensated for the intrinsically p-type nature of the Te-face.
A summary of the IV results is presented in Table 2 . The detector with contacts formed by electroless deposition produced a symmetric IV response. This was due to the innate polarity of the crystal having been degraded by the chemical etching of the CdZnTe surface and formation of the complex interface region. In contrast, the sputter deposition process has preserved the innate polarity of the crystal and produced an asymmetric IV response.
Conclusions and summary
Gold contacts deposited by electroless and sputter deposition on (111) orientated single-crystal CdZnTe have been investigated. The inhomogeneous structure, chemical composition and electronic response of the contacts have been measured following a multi-technique characterization approach, including AFM, SEM, FIB, (AR)XPS and IV methods. The primary findings are as follows:
• The electroless deposition of gold onto mechanically polished CdZnTe formed a rough surface gold layer with an average uniform base thickness of 65 nm but with regular asperities extending an average of 54 nm above the base layer. A wide interface region mostly comprised of tellurium oxide was found between the CdZnTe bulk and the gold layer. However a thinner layer of cadmium chloride was observed at the interface between the oxide and the CdZnTe and gold/gold telluride particulates also existed within this interface region.
• The gold layer formed by sputter deposition was found to have a generally smoother base morphology, but many particulates were observed protruding from the surface, giving rise to a higher RMS roughness than that of the electroless deposited gold layer. A sharp interface was observed between the gold layer and bulk
CdZnTe and no evidence of oxidation beyond that of the CdZnTe native oxide.
• ARXPS measurements on bare, mechanically polished CdZnTe indicated the presence of a native oxide prior to contact deposition. The oxide layer was measured to be 0.20 ± 0.01 nm on the Te-face and 0.11 ± 0.01 nm on the Cd-face.
• The detector with electroless contacts can be described as two back-to-back diodes with a series resistance in between. The electroless deposition process is an aggressive chemical treatment which effectively degraded the definition of the (111) face on the mechanically polished CdZnTe. As a result, the structure and IV response of these contacts were symmetric. This compared with sputter deposition which preserved the (111) face definition and produced an asymmetric IV response.
• The barrier heights measured under positive and negative bias were consistent with the hole barrier height predicted by the Schottky-Mott theory for the detector with electroless contacts. This was due to the presence of a thick tellurium oxide layer which acted as a large barrier to electrons entering the CdZnTe but not holes. The barrier height measured under positive bias applied to the sputter deposited contact was lower than that predicted by Schottky-Mott. It was proposed that the inherent n-type nature of the Cd-face, through the effective presence of tellurium vacancies V Te and cadmium interstitials Cd i , was responsible for lowering the electron barrier. The barrier at the sputtered gold contact measured under negative bias was controlled by the native oxide on the Te-face, which compensated for the inherent p-type nature of this face.
Developing a deposition method which provides a durable contact and maximises the spectroscopic performance of the detector is vital if CdZnTe X/␥-ray imagers are to replace traditional technologies. This research, together with our previous characterization work, provides a good understanding of the metal-semiconductor interface formed when depositing gold contacts with varying CdZnTe preparation procedures, deposition parameters and methods. The work represents an important step in optimization of the metal-semiconductor interface which currently is a limiting factor in the development of high resolution CdZnTe detectors.
